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SPECIAL SECTION
TECHNICAL
REPORTS

EMERGING TECHNOLOGIES TO REMOVE NONPOINT P SOURCES FROM SURFACE WATER AND GROUNDWATER

Trapping Phosphorus in Runoff with a Phosphorus Removal Structure
Chad J. Penn,* Joshua M. McGrath, Elliott Rounds, Garey Fox, and Derek Heeren
eduction of phosphorus (P) loading to surface
waters can help to prevent eutrophication. Previous
studies have suggested the use of certain industrial byproducts as P sorption materials (PSMs) for reducing P solubility in high-P soils (Leader et al., 2008; Makris and Harris,
2006; Rhoton and Bigham, 2005). Although the addition of
PSMs to high-P soils has been shown to reduce water-soluble
P and therefore losses of dissolved P in runoff (Gallimore et
al., 1999), such reductions in P solubility can be temporary
(Penn and Bryant, 2006). In addition, such an approach does
not truly remove P from the watershed; P pools within the soil
solid phase are simply shifted to less soluble forms.
A potential modification to this approach is a P removal
structure. Such structures can be filled with PSMs and can be
strategically placed in “hot spots” or drainage ditches where
runoff with elevated concentrations of dissolved P regularly
occurs (Penn et al., 2010). The P removal structure is designed
to intercept runoff or subsurface drainage and channels flow
through contained PSMs. After the PSMs become saturated
with P, they can be replaced with new PSMs; using this
approach, P can be effectively removed from the watershed.
Some potential guidelines, theory, and approach for P removal
structure design are presented in Penn et al. (2010). Similarly,
previous studies have used various PSMs for removing P from
wastewaters (Koiv et al., 2010; Cucarella and Renman, 2009;
Wei et al., 2008) and subsurface drainage (McDowell et al.,
2008). A material that has shown tremendous promise as a
PSM in column studies is steel slag (Drizo et al., 2008, 2006,
2002), which is a by-product of the steel industry.
In a previous study, Penn and McGrath (2011) constructed
a pilot scale pond filter that used electric arc furnace steel slag
as the PSM. The authors developed empirical equations based
on laboratory flow-through experiments that predicted structure performance as a function of retention time (RT) (i.e.,
the time required for one pore volume to pass through the
structure) and inflow P concentration. At a RT of 10 min, the
pond filter removed 34% of the all P pumped into it (172 mg
kg−1 of PSM) at the point of P saturation (i.e., the point at
which P was no longer removed from passing water). The flowthrough equations reasonably predicted structure performance
(P removal and longevity), whereas the Langmuir equation

R

Reduction of phosphorus (P) inputs to surface waters may decrease
eutrophication. Some researchers have proposed filtering dissolved
P in runoff with P-sorptive byproducts in structures placed
in hydrologically active areas with high soil P concentrations.
The objectives of this study were to construct and monitor a P
removal structure in a suburban watershed and test the ability of
empirically developed flow-through equations to predict structure
performance. Steel slag was used as the P sorption material in the
P removal structure. Water samples were collected before and
after the structure using automatic samples and analyzed for total
dissolved P. During the first 5 mo of structure operation, 25% of
all dissolved P was removed from rainfall and irrigation events.
Phosphorus was removed more efficiently during low flow rate
irrigation events with a high retention time than during high flow
rate rainfall events with a low retention time. The six largest flow
events occurred during storm flow and accounted for 75% of the P
entering the structure and 54% of the P removed by the structure.
Flow-through equations developed for predicting structure
performance produced reasonable estimates of structure “lifetime”
(16.8 mo). However, the equations overpredicted cumulative P
removal. This was likely due to differences in pH, total Ca and Fe,
and alkalinity between the slag used in the structure and the slag
used for model development. This suggests the need for an overall
model that can predict structure performance based on individual
material properties.
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developed from a batch isotherm experiment with the same
PSM material failed.
Other studies have shown potential for the development
of P removal structures. Penn et al. (2007) constructed a P
removal structure in a drainage ditch located on the Eastern
Shore of Maryland. This structure was filled with 226 kg of
acid mine drainage residual, and the PSM was able to remove
99% of the P, Zn, and Cu that flowed into it during a 24-h
rainfall event that produced 30 cm of precipitation. However,
the structure soon thereafter failed as a result of flow becoming restricted through it (i.e., clogging). Agrawal et al. (2011)
tested a cartridge filtration system on a golf course green subsurface drainage system for removing P and several pesticides
using a mixture of slag, zeolite, cement kiln dust, silica sand,
and coconut shell–activated carbon. Although the system was
effective for removing certain pesticides, it was ineffective at
removing P, likely due to the small amount of slag used in the
filtration system (3.5 L).
There are no published studies on monitoring of a P
removal structure. Therefore, the objectives of this study were
to construct and monitor a P removal structure in a suburban watershed and to test the ability of previously constructed
flow-through equations for predicting structure performance.

Materials and Methods
Site Description
The P removal structure was placed at the outlet of a 320-ha
suburban watershed in Stillwater, Oklahoma. The watershed
land use consisted of approximately 35, 50, and 15% residental, undeveloped, and gof course, respectively. Two irrigated
golf greens were located within 130 to 150 m from the structure. The greens were regularly irrigated by golf course personnel as necessary, and this irrigation produced runoff that
reached the P removal structure. The structure was located
in a drainage ditch immediately on the downstream side of a
drainage culvert (Fig. 1) where all water exited the watershed
via a concrete trapezoidal bar ditch maintained by the city
of Stillwater. The bar ditch drained directly into Stillwater

Creek. Some runoff entered the structure by flowing along
the side of the culvert into the structure inlet (Fig. 1).

Structure Construction and Runoff Sampling
The P removal structure was 2.4 m wide × 3 m long × 0.2 m
deep and was constructed using 0.63-cm-thick carbon steel with
all joints welded to be water tight. The structure was welded in
situ along with two 3-m steel support pipes (5 cm diameter).
The bottom of the structure was set to a 3% slope toward the
outlet. Thirteen inlet pipes (5 cm diameter) were welded into
the front plate of the structure, and then each pipe was adapted
to polyvinyl chloride (PVC) pipe of the same diameter inside the
structure. Each PVC pipe was 2.3 m long and perforated (four
rows of 0.635-mm diameter holes at 5 cm apart) to evenly distribute inflow water throughout the surface of the structure. The
perforated distribution manifold is not visible in Fig. 1 because
the pipes are buried immediately below the surface. A 10-cmdiameter steel drainage pipe was welded at the bottom center of
the downstream side of the structure; this pipe was adapted to a
15.2-cm-diameter PVC pipe fitted with a shutoff valve. All steel
was treated with two coats of primer and paint.
Two Isco 6712 (Teledyne Isco Inc., Lincoln, NE) automatic
samplers were housed on site in a small plastic building to take
runoff samples at the structure inlet and outlet (drainage pipe)
during flow events. In addition, the automatic sampler for the
outflow side of the structure was fitted with an Isco 730 flow
module (“bubbler”), which was connected to a 15.2-cm-flow
orifice insert placed in the structure drainage pipe (outflow).
The 730 flow module was programmed to take a flow rate measurement every minute. The automatic sampler for the outflow
water was programmed as the “primary” and began sampling
when flow was detected; the inlet sampler was programmed as
the “slave” to the outflow sampler and therefore was triggered to
sample at the same time as the outflow sampler. Discrete (not
composited) samples (800 mL) were taken using two programs;
from 0 to 34.5 L min−1 samples were taken every 30 min, and
at flow rates >34.5 L min−1 samples were taken every 45 min.
Regarding potential “overflow” runoff events, an Isco 2112
ultrasonic probe was fitted near the downstream side of the
structure to monitor the depth of water on top of the structure.
The Isco 2112 could provide the flow rate of untreated overflow
water during events that exceeded the capacity of the structure.
Therefore, outlet flow volume plus overflow volume equals total
ditch flow volume.
Electric arc furnace steel slag was obtained from a steel mill
in Ft. Smith, Arkansas (Tube City IMS). Slag was sieved at
a nearby gravel quarry to achieve a size of 6.35 to 11 mm in
diameter. Previous experiments showed that the nonsieved slag
had a limited saturated hydraulic conductivity (Penn et al.,
2011). Approximately 2712 kg of the sieved slag was placed in
the P removal structure on 10 July 2010.

Dye Test

Fig. 1. Picture of the phosphorus (P) removal structure with runoff
inlets, drain for treated water, and overflow weir. The P sorption material in the structure is 2712 kg of 6.3- to 11-mm-diameter steel slag.
www.agronomy.org • www.crops.org • www.soils.org

A rhodamine WT (RhWT) dye test was conducted to quantify hydraulic RT in the structure. A constant water flow rate
was discharged into a pool of water at the inlet of the structure (Fig. 1) for approximately 1 h to achieve steady state
flow before initiating the dye test. The dye was injected into
the inflow solution and monitored in the inflow and outflow
673

over time. The dye test was simulated using CXTFIT (version 2.1) (Toride et al., 1999), a model used extensively for
solving the one-dimensional convective–dispersion equation
for solute transport through soils (e.g., Baumann et al., 2002;
Lee et al., 2002). Fate and transport parameters in the model,
such as pore velocity, hydrodynamic dispersion, and retardation coefficient, were optimized to the observed RhWT
concentrations. This process is also known as “inverse estimation” of model parameters, as opposed to forward modeling,
where parameters are input and concentrations are predicted.
From these fate and transport parameters, various characteristics of the flow and contaminant transport system can be
measured, such as the RT and Peclet number. Physical and
chemical equilibrium of RhWT was assumed. The input
boundary condition for the dye was modeled in CXTFIT
as multiple pulse inputs based on measured inflow concentrations. CXTFIT used a nonlinear least-squares parameter
optimization method to derive the dye transport parameters
(i.e., velocity and dispersion coefficient) that best predicted
the outflow RhWT concentrations. The inversely estimated
velocity from CXTFIT was used to estimate the average RT
of the dye in the structure.

Analysis of Water Samples and Slag
All water samples were collected within 12 h of a runoff
event, filtered through a 0.45-μm membrane, and refrigerated. Samples were analyzed within 3 d for P, copper (Cu),
zinc (Zn), chromium (Cr), and boron (B) by inductively coupled plasma–atomic emission spectroscopy (ICP–AES). A pH
probe was used to measure pH in all samples. Alkalinity was
determined by automatic titration (TitriLab 865; Radiometer
Analytical, Villeurbanne Cedex, France) to pH 4.5.
All analyses of steel slag used in the P removal structure
were conducted in triplicate. Slag pH was determined with a
pH meter using a solid/deionized (DI) water ratio of 1:5 (w/v).
Alkalinity was determined as previously described using 2 g
of material suspended in 20 mL of DI water. Slag was ground
before analysis of total elements by the EPA 3051 nitric acid
digestion method (USEPA, 1997). Digestion solutions were
analyzed for Ca, Mg, S, Fe, and Al by ICP–AES. Samples were
also extracted with DI water at a 1:10 (w/v) solid/solution ratio
for 1 h, followed by filtration with a 0.45-μm filter and analysis
for Ca, Mg, S, Fe, and Al by ICP–AES.
A standard batch isotherm was conducted for the slag using
2 g of sample and 16 h equilibration (shaking) in 30-mL
solutions of 0, 1, 10, 25, 50, and 100 mg P L−1. Phosphorus
solutions were made using KH2PO4, and the matrix solution
consisted of 5.6, 132, 110, 10, and 17 mg L−1 of Mg, Ca, S,
Na, and K, respectively, adjusted to a pH of 7. Reagent-grade
magnesium sulfate, calcium sulfate, sodium chloride, and
potassium chloride were used to make the matrix. This matrix
was chosen because it was found to be representative of agricultural runoff measured in a previous study (Penn et al., 2007).
After equilibration, solutions were centrifuged for 15 min and
filtered through a 0.45-μm filter before P analysis by ICP–AES.
Phosphorus sorption was quantified by the difference
between P concentrations added and the final equilibrated concentrations. These values were applied to a nonlinear Langmuir
using the following equation:
674

S=

Smax KC
1 + KC

[1]

where S is the sorbed P concentration (mg kg−1), Smax is the
maximum sorption capacity of the soil (mg kg−1), K is the
Langmuir binding strength coefficient (L mg−1), and C is the
equilibrium concentration (mg L−1). The best fit model parameters for the nonlinear equation were obtained by finding the
combinations of parameters that provided the best fit to the
observed data. This was done by using an Excel spreadsheet
as prepared and described by Bolster and Hornberger (2007).
This program was designed to provide K and Smax values in
addition to the “goodness-of-fit” indicator, model efficiency
(E). An E value of 1 indicates a perfect fit of the data, and E <
0 indicates that taking the average of all measured P sorption
values in the isotherm would give a better prediction than the
model (Bolster and Hornberger, 2007).

Calculations
Flow and sampling data were synchronized with Flow Link
software (Teledyne Isco Inc., Lincoln, NE) when downloaded
directly from the automatic samplers. Because flow rate measurements were taken every minute, the discrete runoff volume
produced at any given minute can be determined by:
Discrete runoff volume = flow rate * 1

[2]

where discrete runoff volume is expressed in liters and flow
rate in L min−1. Discrete runoff volume was calculated at every
minute for each flow event. Therefore, the total runoff volume
produced for a given time period could be determined by
the sum of all discrete runoff volumes over that time period.
Weighted average flow rate (L min−1) was calculated as:
Weighted average flow rate =

total runoff volume
total runoff time

[3]

where total runoff volume and time are in units of liters and
minutes, respectively. Phosphorus loading to the structure
between each sampling point was calculated by integrating P
concentrations with respect to flow volume. The sum of all P
loads for each sampling point interval represents the total P
load for an event. This value is used to calculate flow-weighted
P concentrations (mg L−1):
Flow-weighted P concentration =

P load
total flow volume

[4]

where P load and total volume are in units of milligrams and
liters, respectively. After P loads were determined for inflow
and outflow (treated) water, the P removal (mg) could be calculated as a mass balance:
P removed = inlet P load – outflow P load

[5]

where inlet and outflow P load are expressed as milligrams.
Retention time (in minutes) of the structure at different
flow rates was also estimated as described in Penn and
McGrath (2011):
total structure pore space
Retention time =
[6]
flow rate at outlet
Journal of Environmental Quality

where total structure pore space and flow rate at outlet are in
units of liters and L min−1, respectively. Total pore space (574 L)
was calculated based the total mass of material (2712 kg), bulk
density (1.8 g cm3), and porosity (38%).

Prediction of Field Results Using an Empirical Model
A series of empirical flow-through equations developed by Penn
and McGrath (2011) was used to compare field results of the
P removal structure with the predicted amount of P removed.
Although details of the general use of these empirical equations appear in a companion paper (Stoner et al., 2012), we
provide a brief description here. The following equations were
originally developed by Penn and McGrath (2011) to predict
the amount of discrete P removal (% P removal) with P loading
to sieved slag (x in mg P kg−1) using an exponential equation:
Discrete P removal (%) = bemx

[7]

where b is the Y intercept and m is the slope coefficient for this
relationship. Because this is an exponential decay equation, m
is always negative. The following equations (significant at P <
0.01; R2 = 0.68 and 0.48 for Eq. [8] and [9], respectively) are
used to estimate the b and m parameters for Eq. [7] as a function of RT and inflow P concentration (Penn and McGrath,
2011):
log-m = (0.08506RT) − (0.07416Cin) − 2.53493

[8]

log b = (0.06541RT) − (0.00864Cin) + 1.60631

[9]

where Cin is the inflow P concentration (mg L−1). As described
in greater detail in Stoner et al. (2012) and Penn and McGrath
(2011), these equations were developed from a series of laboratory flow-through cell experiments in which a known mass of
slag was exposed to a flowing P solution at five different RTs
and five different inflow P concentrations. When parameters
m and b are inserted into Eq. [7], the result is a predicted P
removal curve specific to the inflow P concentration and RT
conditions that were input into Eq. [8] and [9]. Integration
of the predicted P removal curve (Eq. [7]) yields a prediction
of cumulative P removal (%) at any given level of P added (x;
mg kg−1):
x

Cumulative P removed =

∫0 (be

mx

)dx

x

[10]

Phosphorus removal approaches zero (1%) as described by the
equation for the predicted P removal curve (Eq. [7]) when the P
inflow concentration ≈ P outflow concentration (i.e., the point

at which the PSM is “spent”). Insertion of 1% for cumulative P
removed into Eq. [10] and subsequent rearrangement to solve
for x results in an estimate of the maximum amount of P that
can be delivered to the P removal structure before the PSM is
spent. Such a rearrangement results in the following equation:
Maximum P added =

ln b
−m

[11]

Insertion of the maximum amount of P that can be added to
the P removal structure as determined from Eq. [11] into Eq.
[7] results in the total amount of P predicted to be removed by
the PSM under the conditions (i.e., RT and inflow P concentration) used for the flow-through equations (Eq. [8] and [9])
used to produce the predicted P removal curve.

Results and Discussion
Phosphorus Removal Structure: Flow
Results from the dye test indicated that when a flow rate of
57.1 L min−1 was applied to the structure, the average RT was
9.3 min as estimated by CXTFIT (R2 = 0.97 between measured
and predicted dye outflow concentrations). This RT is similar
to the calculated value of 10 min estimated by Eq. [6].
During the 5-mo period in which all runoff was monitored,
there were 54 total runoff events. Twenty of the events were
rainfall, and 34 were due to irrigation of nearby golf course
greens (Table 1). Over that time period, the rainfall totaled
24.6 cm; the largest rainfall event was 4 cm on 8 Sept. 2010.
The P removal structure was able to treat all water delivered to
it, as evidenced by the fact that no water crested the overflow
weir, which was continuously monitored with an ultrasonic
probe. During the largest rainfall event, the maximum flow
rate through the structure was 506 L min−1.
As expected, rainfall events produced higher flow rates
through the structure than irrigation events from nearby golf
greens, which translated into a lower average RT for the rainfall runoff events (Table 1). All runoff samples were analyzed
for total dissolved P, and several random irrigation and storm
runoff samples were analyzed for dissolved reactive P (i.e.,
orthophosphate). Because the entire area immediately draining into the structure was well covered with grass, there was no
sediment in the samples, and thus >90% of the total dissolved
P was orthophosphate. The overall flow-weighted average total
dissolved P concentration in runoff delivered to the P removal
structure (0.50 mg L−1) is comparable to other studies, including those conducted on agricultural land. Harmel et al. (2004)
showed that several agricultural subwatersheds consisting of
cultivated crops or pasture that received 0 to 358 kg P ha−1 yr−1

Table 1. Summary of the suburban phosphorus removal structure performance over the first 5 mo of operation.
Rainfall runoff events
Number of runoff events
Maximum flow rate, L min−1
Weighted average flow rate, L min−1
Weighted average retention time, min
Maximum runoff P concentration, mg L−1
Flow-weighted runoff P concentration, mg L−1
Total P input to structure, mg kg−1
Total P removed by structure, mg kg−1
www.agronomy.org • www.crops.org • www.soils.org

20
506
30.3
18.9
1.61
0.59
92.1
19.3

Irrigation runoff events
34
47
11.5
50
0.97
0.44
10.7
6.6

All runoff events
54
506
29.8
19.3
1.61
0.50
102.8
25.9
675

produced average dissolved P concentrations of 0.09
to 2.29 mg L−1. Among 35 agricultural catchments
monitored over 4 yr in Ireland, runoff-dissolved
P concentrations ranged from 0.01 to 0.70 mg L−1
(Daly et al., 2002). A golf course in Texas produced
an average dissolved P concentration of 0.13 mg L−1
over 5 yr (King et al., 2007).
Figure 2 shows hydrographs and corresponding
inflow total dissolved P concentrations for typical
runoff events from rainfall and irrigation. Not only
did rainfall runoff events produce higher dissolved P
concentrations than irrigation runoff events (Table
1), but rainfall runoff events also tended to produce
increasing P concentrations with flow rate into the
P removal structure. This suggests that hydrological connectivity increased among certain portions of
the watershed as soils became saturated with moisture and runoff increased, allowing runoff from these
“variable source” areas (Sharpley et al., 2008) in the
watershed to reach the outlet, which is the ditch P
removal structure. Similarly, Pionke et al. (1999)
found that dissolved P concentrations delivered from
an agricultural watershed increased with flow rate. In
our case, we speculate that high-P soils contribute P
to the structure only during large events when they
become “connected” and such runoff is able to reach
the outlet. Because the irrigation events that occurred
throughout the monitoring period were from the
same location, runoff produced from such events
typically displayed relatively steady runoff P concentrations delivered to the structure between 0.3 and
0.5 mg L−1 (Fig. 2).

Phosphorus Removal Structure:
Phosphorus Removal

Fig. 2. Typical hydrograph and corresponding inflow total dissolved phosphorus
(P) concentrations to the ditch P removal structure from a rainfall-induced (a) and
irrigation-induced (b) runoff event. The 3.73-cm rainfall/runoff event shown in (a)
occurred on 17 Aug. 2010, and the irrigation/runoff event occurred on 3 Aug. 2010.

The sum of total dissolved P delivered to the structure over
the 5-mo period was 0.282 kg or 0.0047 kg ha−1; 88% of
this P delivery occurred during rainfall induced runoff events
(Table 1). Among all dissolved P transported in runoff to the
P removal structure, 75% of this was delivered during the six
largest rainfall events. Various authors have suggested that
large rainfall events export the majority of P from watersheds
(Sharpley et al., 2008; Udawatta et al., 2004; Pionke et al.,
1999; Pionke et al., 1997). For example, Pionke et al. (1997)
found that 70% of annual dissolved P loads were exported by
the seven largest storms.
During the 5 mo of monitoring, the P removal structure
sorbed 25.9 mg P kg−1 slag, which was 25.2% of the total dissolved P delivered to it (Table 1). Of the 25.9 mg P kg−1 sorbed,
approximately 75 and 25% occurred during rainfall and irrigation runoff events, respectively. Phosphorus transported during
irrigation runoff events was more efficiently removed by the
structure compared with rainfall runoff events (i.e., 62 versus
21% P removal for irrigation and rainfall events, respectively)
(Table 1). The difference in P removal efficiency among rainfall and irrigation events is likely due to the fact that rainfall
runoff events resulted in higher P concentrations and flow
rates. Higher structure flow rates during rainfall runoff events
676

translated into a RT that was more than two times less than
irrigation events (Table 1). Regarding the impact of flow rate
and RT on P removal by the structure, P removal on an event
basis was negatively correlated to the weighted average event
flow rate (Fig. 3). Similarly, in a previous study (McDowell et
al., 2008) involving slag placed in subsurface drainage pipes, it
was noted that larger events resulted in less contact time with
the slag and lesser differences in dissolved P concentrations
relative to control drains.
Although the weighted average RT for all rainfall runoff
events was 18.9 min, the RT for the six largest rainfall events
that delivered 75% of the P to the P removal structure was only
8.9 min. In addition, 54% of all the P removed by the structure
(14.1 mg kg−1) occurred over these six largest rainfall events.

Predicting Lifetime and Performance of the Structure
A predicted P removal curve estimated by the equations developed in Penn and McGrath (2011) for the electric arc furnace
steel slag is shown in Fig. 4. This curve (Eq. [7]) describes the
effect of P loading to the PSM on discrete P removal. This curve
was produced by estimating its Y intercept (b) and its slope
coefficient (m) with Eq. [8] and [9] in which RT and P inflow
concentration are used as inputs. For the RT of the runoff in
the P removal structure, we used 8.9 min (i.e., the RT for the
Journal of Environmental Quality

removal curve that was fitted to the field data of the
actual discrete P removal and P loading of the P removal
structure is shown in Fig. 4. Using the fitted values of
the Y intercept (b) and the slope coefficient (m), a maximum cumulative loading of 316 mg kg−1 was estimated
with Eq. [11], which corresponds to a structure lifetime
of 15.4 mo. Thus, the lifetime prediction of 16.8 mo
differs by a factor of only 1.09 of the projected lifetime
using current structure performance data. In practice,
one may be inclined to remove the slag material before
P saturation if environmental thresholds such as total
maximum daily loads are exceeded. This estimate of filter
lifetime does not take into account processes of sorbed
P on the slag changing forms and allowing for more P
sorption sites to become available, as described in Drizo
et al. (2008). Apparently, such a factor did not have a sigFig. 3. Phosphorus (P) removal efficiency presented per event as impacted by
nificant impact on predicting filter lifetime due to near
the flow rate of runoff water passing through the ditch P removal structure.
agreement (16.8 vs. 15.4 mo). However, a slow P sorp*Significant at the 0.05 probability level.
tion mechanism as described by Drizo et al. (2008) that
six largest rainfall events that delivered 75% of the P to the P
was active would result in an underestimation of filter
lifetime by the predicted P removal curve. The steel slag used
removal structure), whereas the average flow-weighted P inflow
in this study differed from that of Drizo et al. (2008) in that it
concentration was set at 0.74 mg L−1. The predicted P removal
was sieved to exclude fine particles.
curve can be used to estimate the potential “lifetime” of the P
The predicted P removal curve shown in Fig. 4 can be interemoval structure. When discrete P removal approaches nearly
grated to estimate the cumulative amount of P that the struczero (i.e., 1%), then the slag is effectively “spent” and needs to
ture will remove as a function of P added (Eq. [10]). Figure 5
be replaced with fresh PSM because the P inflow concentrashows the predicted cumulative amount of P removed by the P
tion will nearly equal the outflow concentration. The structure
removal structure as a function of P loading. For comparison,
“lifetime” can be predicted using an estimate of P loading to
the measured values of the cumulative amount of P removed
the structure per unit time and the predicted maximum P loadfrom runoff as a function of P loading of the P removal structure
ing to the P removal structure at the point in which the PSM
are shown. The predicted cumulative P removal compared with
is “spent” (Eq. [11]). Using predicted values of the Y interthe measured values showed that the flow-through equations
cept (b) and the slope coefficient (m) from the flow-through
used to produce the predicted P removal curve overestimated
equations (see above), a maximum cumulative loading of the
P removal structure amounting to 345 mg kg−1 was calculated
P removal. For example, after 5 mo and a total P input of 103
using Eq. [11]. Based on the current P loading rate of the P
mg kg−1 to the P removal structure, the integrated predicted P
−1
−1
removal structure (i.e., 20.5 mg kg mo ), this would corremoval curve estimated 79 mg kg−1 of P sorption, whereas the
respond to a potential lifetime of 16.8 mo. The measured P
actual measured P sorption was 25.9 mg kg−1 (Table 1).
At the point of P saturation when the PSM is “spent,” the
integrated predicted P removal curve estimated a cumulative
removal of 101 mg P kg−1, or 28% of the total P added to
the structure. This estimated value was obtained from the predicted P removal curve (Fig. 4), which was produced using Eq.
[7–11] with an input of 8.9 min RT and 0.74 mg L−1 inflow
(i.e., the conditions of the six largest rainfall events that delivered 75% of the P). Specifically, flow-through Eq. [8] and [9]
predicted the P removal curve parameters (b and m) for Eq.
[7]; the resulting predicted design curve (Fig. 4) was integrated
(Eq. [10]) (Fig. 5), which produced an estimate of maximum P
removal under the conditions of the design curve (i.e., inflow P
concentration and RT).
Apparently, the empirical flow-through equations were
able to predict that P would be removed from runoff by the
P removal structure as the P loading increased, but not to
Fig. 4. Discrete phosphorus (P) removal as a function of cumulative P added to the ditch runoff P removal structure. Predicted P
the correct degree in which it was occurring. This is likely
removal (dashed line) estimated based on average retention time
due to the fact that the equations were unable to accurately
and P concentration of the six largest rainfall events that delivered
predict the Y intercept (b) of the design curve (via Eq. [9])
75% of runoff P load (average weighted retention time, 8.9 min; total
dissolved P concentration, 0.74 mg L−1) using Eq. [7–10]. Measured
(Fig. 4). The maximum amount of P projected to be removed
discrete P removal (open circles and solid line) calculated on a perby the structure (i.e., 0.065 g kg−1 determined from integraevent basis. Error bars indicate a 95% confidence interval for the
tion of the curve fitted to measured field data in Fig. 4) is low
predicted P removal curve. *Significant at the 0.05 probability level.
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compared with other studies that have investigated the use
of electric arc furnace steel slag for P sorption (Drizo et al.,
2006; Drizo et al., 2002). For example, Drizo et al. (2002)
achieved 1.35 to 2.35 g P removed kg−1; however, their study
used a much higher RT (~8 h) compared with the RT of the
runoff in the P removal structure in our study. In addition,
the large particle size fraction used in our study (i.e., 6.35–11
mm) compared with previous studies (Kostura et al., 2005;
Drizo et al., 2002) is not nearly as sorptive compared with the
finer slag fraction (Stoner et al., 2012). However, the benefit
of the large size fraction is higher hydraulic conductivity of
the structure, which reduces the “footprint” or area of the P
removal structure and allows more water to be treated compared with a finer-sized fraction.
Equations [8] and [9], which were used to estimate the Y
intercept (b) and the slope coefficient (m) of the predicted
design curve in Fig. 4, were developed using slag with the same
size fraction collected from the same steel mill as slag used in
the P removal structure but was collected at a different time
(about 8 mo apart). In other words, cumulative P removal
predictions from equations developed by Penn and McGrath
(2011) are specific to their particular slag material, and any
variation in slag properties would likely result in deviation
from the predictions. This could explain why integration of
the predicted P removal curve with sample-specific parameters
indicated in Eq. [8] and [9] from Penn and McGrath (2011)
overpredicted cumulative P removal as compared with measured values (Fig. 5). For example, the slag placed in the P
removal structure contained less alkalinity and less total Ca and
Fe, and had a lower pH compared with the slag used to develop
the flow through equations of Penn and McGrath (2011). Slag
pH and alkalinity are integral to Ca phosphate precipitation
(Bowden et al., 2009; Kostura et al., 2005). The role of Ca
and Fe in P sorption by industrial by-products has been well
documented (Penn et al., 2011; Leader et al., 2008). Lesser
amounts of Ca and Fe would result in less Ca phosphate precipitation and P binding by Fe oxy/hydroxide minerals. The
Langmuir K value was also much less for the slag sample used
in this study compared with that used for development of flowthrough equations (i.e., 0.00126 vs. 2.43 L mg−1, respectively,
from Penn and McGrath, 2011).

Fig. 5. Cumulative phosphorus (P) removal by the ditch P removal
structure over a 5-mo period as measured and predicted (dashed
line) using a series of flow-through based equations (Eq. [7–10]).
Predicted P removed estimated by integration of the curve presented in Fig. 4 using Eq. [10]. Error bars indicate 95% confidence
interval for the predicted P removal based on the standard error for
each model coefficient.

23, respectively). A minimum alkalinity of 20 mg L−1 is required
for ecosystems, and an alkalinity up to 400 mg L−1 has no impact
on human health (USEPA, 1986).
For all inflow and treated water, Zn, Cu, Cr, and Mn concentrations were all below detection limits (i.e., 0.01 mg L−1).
Average B concentrations were similar among inflow and outflow treated waters (i.e., 0.14 and 0.15 mg L−1; SE, 0.003 and
0.005, respectively). However, these B concentrations are not
considered hazardous to aquatic life or B-sensitive agricultural
crops (USEPA, 1986).

Conclusions
During the first 5 mo of operation, the P removal structure
trapped 25% of runoff dissolved P. This could be improved
by using the smaller particle size fraction of the slag, which is
much more sorptive than the large fraction used in this study
(Stoner et al., 2012). However, the smaller-sized fraction
would reduce the hydraulic conductivity, thereby reducing
the amount of water that can be treated during a large runoff
event. Alternatively, the filter dimensions could be adjusted to
allow for a higher RT. The flow-through equations presented
in Penn and McGrath (2011) predicted a lifetime of 16.8 mo,
which is similar to the projected lifetime of 15.4 mo based on
current measurements. However, the flow-through equations
overestimated current P removal (79 vs. 26 mg P kg−1) by the
P removal structure. Differences in P removal between predictions and measurements were likely a result of variability
in slag chemical properties among slag used in the P removal
structure and for development of flow-through equations. This
emphasizes the need to develop a “universal” flow-through

Other Water Quality Parameters
Average pH of inflow and outflow treated water was 7.7 and
9.2 (SE, 0.04 and 0.08, respectively). The increase in pH of the
treated water was expected due to the elevated pH of the PSM
tested in the laboratory (i.e., 9.4) (Table 2). However, alkalinity
of the treated water was similar to inflow water; average inflow
and outflow alkalinity was 77 and 81 mg CaCO3 L−1 (SE, 21 and

Table 2. Chemical properties of the steel slag used in the suburban phosphorus removal structure.
Smax†
mg kg–1
11,658
(5,604)§

K
L mg–1
0.00126
(0.0001)

pH

Alkalinity

9.4
(0.15)

mg CaCO3 kg–1
558
(63)

Ca

Mg

Total‡
S

Fe

Al

Ca

Mg

Water soluble
S
Fe

Al

—————————————————————— mg kg–1 ——————————————————————
195,331
54,221
4660
163,803
19,792
247
1.9
77
0
2.3
(9,186)
(2,270)
(72)
(23,839)
(1,534)
(30)
(0.5)
(9)
(0)
(1)

† Smax is the maximum sorption capacity of the soil. Langmuir isotherm Smax and K values were estimated using Eq. [1].
‡ Determined by EPA3051 digestion method.
§ Values in parentheses indicate standard error.
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model that takes into account chemical characterization of
sorption materials in addition to RT and P concentrations.
Because 75% of all P delivered to the structure occurred over
the six largest rainfall events, P removal structures should be
designed for handling these events to maximize P removal.
Compared with other best management practices, poultry
litter transport programs and limitation of fertilizer P applications only prevent soil P from increasing further. This technology can help to prevent P losses to surface waters in the short
term. In addition, the structure provides an easily quantified P
removal that not only can be removed from the watershed but
also may be useful to nutrient trading programs that are analogous to current carbon credit exchange programs (USEPA,
2001). Such programs apply a monetary value to P discharged
or transported from a site or prevented from being transported.
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